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The use of biofuels has been increasing in Europe over recent years and the reason for that is an acceptable cost and the least negative impact on the environment. However, NOx and emissions of fine particulates are important and in that respect biofuel is still at a disadvantage when compared with oil and natural gas-fired systems. Usually, the flue gas is filtered in multicyclones or fibre filters before discharge into the atmosphere. Yet, in the case of fine particulates, such filters do not show high effectiveness, thus electrostatic precipitators are used. In this comparative study on biofuel (wood pellets), the ESP collection efficiency was investigated for solid particles from a class 3 boiler (50 kW) and from a gasifier (100 kW). Although releases of solid particles from modern boilers are low, a combination of such a boiler with an electrostatic precipitator may reduce the release of particles to a minimum. The collection efficiency of the ESP obtained during the investigation with the flue gas was ~98-99%. There is a big difference in particle concentrations when comparing the systems with flue gas and producer gas. As the working conditions in the test section with the producer gas were more challenging, this leads to a lower efficiency for the electrostatic precipitator (~75 %). The obtained particle sizes and chemical composition of solid particles give better understanding of the problem under investigation. 
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1. Introduction
During the last decades, biofuel has been increasingly used in many countries for various types of heating appliances. In the case of combustion of any liquid or solid fuel, particles are formed from the ash contained in the fuel. This is also the case for biofuels where the ash content may vary from a percent to more than ten percent by weight in the dry substance. Therefore, one of the main disadvantages of using biofuels in comparison with some other types of fuels (gaseous, liquid) is the emission of solid particles, levels of which especially increase in the ambient air during the heating season. The diameters of these particulates are usually in the range from 0.01 µm up to 100 µm [1, 2]. Solid particles can penetrate into the internal organs of humans and can cause serious illnesses [3].
It is well known that the main cleaning appliances of solid particles from the flue gases are fabric filters, cyclones, scrubbers, electrostatic precipitators (ESPs) or a combination of these (e.g. electro-cyclones, wet electrostatic precipitators, etc.) [4]. 
Traditional ESPs (tube type or plate type) are widely used in power plants at temperatures lower than 200 °C for removal of solid particles from flue gases. The ESP uses electrostatic forces to ionise the gas and at the same time to charge the particles in the gas stream. Charge builds on the particles and attracts them to collection electrodes [5]. Electrostatic precipitators are very effective in the case of fine or ultrafine particulate removal [5] and can achieve efficiencies of more than 99 %. The advantages of electrostatic precipitators also are the low aerodynamic resistance and high efficiency [6]. Therefore, electrostatic precipitators are one of the most commonly employed particulate control devices for collecting particulate emissions from boilers, incinerators and from many other industrial installations.
Producer gas generated during the gasification process among other impurities contains particulate matters as well. The diameters of these particulates are usually in the range from less than 1 µm to over 100 µm [7] and their concentrations can even exceed 1000 mg/m3 [8]. Therefore, it is necessary to clean the particulates from this gas as a combustion of such a gas in incinerators may cause malfunctioning of the injectors and corrosion/erosion of turbines, internal combustion engines, etc. As an option for cleaner producer gas generation ESPs could enhance gasification reactors [8].
In general, three types of syngas cleaning technologies, hot gas clean-up (T >300 °C), cold gas clean-up (T ~100 °C) and warm gas clean-up (T > ambient, but lower than for hot gas clean-up) are addressed in the literature [7]. 
The main techniques of hot syngas clean-up are the same as used for flue gases: inertial separation, barrier filtration and electrostatic precipitation. 
As the concentrations of solid particles and temperatures of generated syngas are rather high (e.g. temperatures can be up to 800-950 °C), cyclones are usually used as the primary cleaning devices for syngas flowing from gasifiers. They also allow operation at high temperatures (up to 1000 °C).
For particulate cleaning from syngas fibres, granules or porous solids (i.e. “barriers”) can also be used. The collection efficiency of such types of filters is from about 99 % (e.g. in the case of granular filters) to about 99.5 % (in the case of ceramic candle, ceramic tube or metal barrier filters). The main disadvantage of such filters is the high pressure drop and low operational temperature (mainly for fibre filters). However, the metal barrier filters developed allowed operational temperatures of up to 1000 °C [9]. 
Significant efficiency has also been demonstrated by moving granular bed filters. In [10, 11], the collection efficiency achieved for a granular moving bed filter was more than 99 %.
Cold syngas clean-up is usually understood as a wet process [12]. Therefore, in this case cleaning devices such as wet scrubbers and wet ESPs are commonly used [7, 13, 14]. They can achieve relatively high collection efficiencies of solid particles – from at least 70 % to about 100%. The disadvantage of these devices is that they are rather complicated and during their operation, contaminated water is produced, which must be adequately treated [15].
Electrostatic precipitators as devices for hot syngas clean-up are not usually used at very high temperatures due to temperature effects on the main properties affecting ESP performance [12]. However, studies have been conducted with ESPs for high temperature syngas cleaning [15]. The collection of particles in syngas (flow rate of up to 5.7 m3/h) with a tube type electrostatic precipitator at temperatures of up to 1000 °C and pressure up to 1 MPa was analysed in [15]. The collection efficiency of solid particles obtained was almost 100 % at temperatures of about 500 °C. When the temperature was increased to 680 °C, the collection efficiency decreased to 96%. The increase of the syngas temperature also resulted in a decrease of the voltage of the corona discharge. The authors concluded, that the ESP can still be applied for syngas cleaning for temperatures up to 800 °C. 
For warm syngas clean-up, in principle the methods of inertial separation, fibre filtration and ESP, which were discussed above, can be applied [16]. 
However, the publications related to investigations/operability of traditional ESPs for syngas cleaning are rather limited. The reviews of syngas cleaning methods [17] in general just state that the application of ESP for warm syngas clean-up is possible, however, no practical/experimental results are presented. In study [18], the collection efficiencies using wire-plate ESPs for solid particles from coal pyrolysis and in the flue gas from a coal-fired plant were compared. The collection efficiency of the ESP in the temperature range from 90 to 250 °C for both gases was found to be more than 95 %. At a higher temperature (~450 °C), the collection efficiency of the ESP decreased. 
A literature review shows that warm syngas clean-up methods such as barrier filtration and inertial separation have been widely investigated and applied in practice. However, the practical application of the ESP for syngas clean-up is rather limited. 
Hence, in order to expand the limited results available of ESP applications for producer gas cleaning, the aim of this study is to determine the collection efficiency of the traditional tube-type electrostatic precipitator operating on producer gas derived from a downdraft gasifier (100 kW nominal capacity) and then to compare it with the collection efficiency for solid particles from a European standard class 3 boiler (50 kW nominal capacity). Also, the study aims to provide some information on the characteristics of the solid particle sizes in the producer gas and their chemical composition. 

2. Materials and Methods
2.1 Biofuel characteristics

During the experiments, wood pellets were used as fuel for gasification and incineration. Fuel component analysis was done using a Flash 2000 CHNS analyser [19]. The main characteristics of this fuel are presented in Table 1.













2.2 Experimental setup with boiler
A flue gas (including solid particulates) was generated by incinerating wood pellets in a commercial class 3 boiler. It is an automatic device with a nominal power of 50 kW and it can be used for the incineration of pellets, wood, coal, and cereals (Fig. 1). 

Fig. 1. Schematic view of the experimental setup with the boiler.
The fuel and air supply for combustion were adjusted automatically based on the set power of the boiler. During the experiments, only pellets made from different kinds of wood were incinerated. The temperature of the flue gas exhausted from the boiler was about 150°C, and the chimney draft ~ 25 Pa (automatically maintained by the flue gas exhauster). Such a draft gives a flue gas velocity of approximately 1.9 m/s in the flue gas pipe of 180 mm diameter (flow rate ~180 m3/h). 
From the boiler, the flue gas entered the ESP, where the solid particles were captured and then cleaned flue gas was exhausted into the atmosphere. The total height of the insulated flue gas pipe was about 15 m. The discharges of flue gas into the atmosphere are always at some distance from the boiler, and this section is the most important for measurement. Therefore, for particle measurements using an infrared particle sizer (IPS), the distance of ~8 m from the ESP was selected. The measurement results were further processed using a computer.
2.3 Experimental setup with gasifier
The main components of this experimental arrangement were the gasifier (nominal power 100 kW), the plasma unit, the cyclones, the gas cooler, the electrostatic precipitator and the boiler (Fig. 2). 


Fig. 2. Schematic view of the experimental setup with the gasifier.
The process of wood pellet gasification (as well as the generation of solid particles) took place in the downdraft gasifier. The producer gas (flow rate ~ 62 m3/h) with a temperature of about 550°C entered the cyclone (in order to reduce particle concentration), then the air plasma unit, which is needed for the neutralization of hazardous chemicals (dioxins, furans, etc. [20]). The processed hot producer gas at about 1100°C from the plasma unit was supplied to the water-cooled gas cooler, where the temperature of the gas was decreased, the gas was again cleaned in a cyclone and then the gas with a temperature of ~160°C entered the electrostatic precipitator. The cooled gas then flowed through the electrostatic precipitator where solid particles were captured from the gas flow. After passing through the ESP, the cleaned gas was transported by a fan to the gas boiler, and the flammable gas-air mixture was combusted. A more detailed description of the experimental setup is presented in [20].
The concentration of solid particles during these experiments was measured at the same time at positions before and after the ESP by applying the gravimetric method only.
2.4 Electrostatic precipitator 
The same precipitator was used in the experiments with the boiler and the gasifier (see Fig. 3) and it was designed at the Lithuanian Energy Institute. Its frame is made from carbon steel bars. The inlet to the ESP is made in the upper part and the outlet is positioned in the lower part. Inside the frame, two parallel stainless steel pipes (i.e. collection electrodes) each with a diameter of 120 mm and a length of ~ 1000 mm are installed between two holding planes. A single nichrome wire (i.e. discharge electrode) of 0.2 mm diameter is stretched between the special holders inside the centre of each stainless steel pipe. The distance between the discharge electrodes is about 160 mm. The tension of the electrodes is ensured by stainless steel springs.
In order to avoid flue gas leakage between the holding planes and the collecting electrodes, the contact perimeters between them are sealed. 

Fig. 3. Schematic cross-sectional view of the ESP used in the experiments.
During the experiments, each discharge electrode was connected to a separate high-voltage power supply unit (Glassman Series FR) with an adjustable output voltage in the range between 0–30 kV. So, in total two high-voltage supply units were used. A more detailed description of the ESP is presented in [21]. The experiments were carried out using the negative potential of the high-voltage power supply units.
To reveal the characteristics of the collection efficiency of the ESP, different numbers of collecting electrodes (1 or 2) were used. This allowed different flow velocities. When one collecting electrode was used, the other pipe with the electrode was closed using special plates, and flue gas could flow only via the open pipe. 
The current-voltage characteristic for one ESP electrode is shown in Fig. 4 (high-voltage supply units used in the experiments had a feature enabling them to measure the current in an electrode depending on the voltage supplied). 

Fig. 4. Current-voltage characteristic of one ESP electrode: 1 – experimental data with the flue gas from the boiler; 2 – experimental data with the producer gas.
From Fig. 4 it is evident that for both flue gas from the boiler and producer gas, current is registered starting from a voltage of ~6 kV. This means that from this point the electrostatic discharge occurs, which ionizes the flue gas around the discharge electrode (i.e. creates a corona). Although the character of the experimental data is rather similar in both cases, the trend of the experimental data is slightly steeper for the producer gas than for flue gas from the boiler. This means that due to the characteristics of the producer gas (humidity, concentration of particles, etc.), the currents are higher at the same voltages in comparison with the flue gas. 
2.5 Measurement techniques
The concentrations of particles during the experiments with the flue gas from the boiler were measured using the infrared particle sizer (IPS, made by “Kamika instruments”) and applying the gravimetric method. The IPS is an instrument for direct measurements of total particle concentration and concentration of particle fractions in flue gas channels. It is composed of a measuring head and an electronic computer-controlled measurement unit. An IPS sizer ensures only 1D measurements and it can measure particles in the range of 0.4–300 μm (this range is divided into four subranges). The measuring head of the device is also equipped with a special holder for the filter, which can be used for the determination of the concentration of solid particles by the gravimetric method. The IPS also measures flue gas temperature, concentration of solid particles, flue gas velocity and flow rate.
The distribution of particles by fraction in the producer gas was not measured using the IPS because the gas was rather hot, humid and “dirty”, and it could have fouled the optical system of the device. Therefore, for the producer gas only, the total concentrations of particles were measured before the inlet and after the outlet of the ESP using automatic isokinetic samplers Isostack Basic. In order to get information about the characteristics of solid particles in the case of gasification of wood pellets, the samples from the three parts of the experimental setup – from the cyclone downstream of the gasifier, from the cyclone upstream of the ESP and from the ESP were taken. Electron microscopic analyses of the solid particles collected from the experimental setup with the gasifier were performed using scanning electron microscope HITACHI S-3400N and for the elemental analysis the energy dispersive spectrometer BRUKER Quantax was used.
3. Results and Discussions
3.1 Concentrations of solid particles 
The relative distribution of solid particles in the flue gas without the ESP is presented in Fig. 5.

Fig. 5. Relative distribution of particles in flue gas without the ESP.
The Figure shows that the flue gas mainly contains solid particles with diameters from 0.3 to ~ 20 μm. The highest quantity of the particles in the distribution is at the diameter of about 2–6 μm. Similar results were obtained in [23] where it was determined that the peak diameters of coarse particles for different boiler types and powers in the case of biomass combustion are usually between 2–8 μm. So, the peak diameters of solid particles obtained in our case are typical for wood combustion.
Fig. 6 shows the variations in the concentrations of solid particles from measurements during steady-state experiments with producer gas and flue gas. Results obtained using the gravimetric method show that the initial concentration of solid particles in the producer gas measured after the cyclone installed before the ESP is rather high and is scattered in the range of ~140–220 mg/m3, while the average value is about 180 mg/m3.

Fig. 6. Concentration of solid particles at the inlet to the ESP: 1 – in producer gas; 2 – average value in producer gas; 3 – in flue gas.
The concentration obtained for solid particles in the flue gas is rather low – about 13 mg/m3. Similar results were obtained in [22] where particle concentrations from modern 50 kW boilers fired by wood pellets vary in the range of ~11–40 mg/m3. Hence, particle concentrations in the flue gas are about fourteen times less than those in the producer gas. The limiting values for such a class of boiler are much higher (see EN303-5:2012).
3.2 Collection efficiency of the ESP 
Usually in work related to ESP operation the ESP collection efficiency is given at a certain operating voltage [5, 24, etc.]. In our work, the effect of ESP operating conditions on the collection efficiency of different sized particles was assessed. 
The distribution of solid particles in the flue gas depends on the operating voltage of the ESP, as shown in Fig. 7; the quantities are relative to the maximum in the data in Fig. 5 (without the ESP). When the voltage to the ESP was increased up to 2 kV or 4 kV, a slight decrease in the quantity of particles is observed. The decrease is clearly expressed in the particles of smaller diameters. When the ESP was operating at 6 kV a sharp decrease of particle quantity is obtained. The decrease in this case is expressed in the particles of diameters of a broader range, from ~2.5 µm to ~15 µm. A further increase of voltage to higher values resulted in a slight but gradual decrease in particle quantity.


Fig. 7. Relative distribution of particles in flue gas with different voltages supplied to the ESP.
From the results presented in Fig. 7 it can be concluded that the “worst” collection is for the particles with the smallest diameters. This is a known problem [25, 26]. In the work [25], although the total collection efficiency of the ESP was almost 100 %, for particles in the size range between 0.1 - 2 µm the collection efficiency was about 96-97%. In order to collect small diameter particles some improvements of the ESP have to be made, such as the use of dual electrostatic precipitators [27] or particle traps [28]. 
The total collection efficiency ETi presented in Fig. 8 was calculated using the equation:
						 (1)
where Co is the concentration of the particles obtained without the ESP; Ci means the concentration of the particles obtained with the ESP at a certain voltage.

Fig. 8. Total collection efficiency of particles with the applied voltage to the ESP for a different number of collection electrodes: 1 – one collection electrode (flue gas); 2 – two collection electrodes (flue gas); 3 – one collection electrode (producer gas); 4 – two collection electrodes (producer gas).
The results with the flue gas show that in the region of voltages up to 6 kV (corona discharge registered), the collection efficiency just slightly depends on the number of collection electrodes used. 
For the voltage equal to or higher than 6 kV, the collection efficiency sharply increases and does not depend on the number of collecting electrodes used. The collection efficiency increases from about 75% at 6 kV to about 98–99% at 14 kV. A further increase of the voltage does not give any tangible increase in the total collection efficiency. 
Although the initial concentration of solid particles in the flue gas was not very high (see Fig. 6), the results obtained confirm that for flue gas cleaning electrostatic precipitators are rather efficient devices allowing very high collection efficiencies to be obtained. In investigation [25] it was also demonstrated that ESP can successfully deal even with very high concentrations. When the initial concentration of solid particles from biomass combustion was in the range of 510-1400 mg/m3, the total concentration at ESP outlet obtained decreased to 2.3 - 6.4 mg/m3, thus the collection efficiency was ~99.2 - 99.8 %. The highest concentration of 6.4 mg/m3 represents about 50 % of the concentration, which was obtained from our boiler (13 mg/m3, see Fig. 6) operating without ESP. Thus, this means, that the resultant concentrations in the cleaned flue gas obtained in [25] are due to the smallest particles.
For the case with the producer gas, the dependency on the number of collection electrodes is not evidently expressed over the whole range of the applied voltages (5–18 kV) either. Due to variations of the initial concentration of solid particles (Fig. 6), the collection efficiency in the case of one or two collecting electrodes is slightly scattered. With the increase in voltage, the collection efficiency gradually increases, and there is no sudden increase in the efficiency as was observed for the flue gas. For the producer gas, the highest efficiency reached is only about 75% at a voltage of 18 kV. A further increase in the voltage does not increase the collection efficiency. In [18] the collection efficiency of the ESP used for cleaning gas from coal pyrolysis was almost equal to 94 %. Special powder was used to condition solid particles existing in the syngas and this allowed the collection efficiency to increase to about 99 %. Thus, the study reveals that for syngas the collection efficiencies of ESPs are usually reduced.
In order to get a similar collection efficiency of the ESP as in the case with the flue gas, for producer gas cleaning longer electrodes in the ESP than are used in this investigation are necessary.
3.3 Solid particles from setup with gasifier 
In the case of the gasification of wood pellets, samples of solid particles were collected from the three parts of the experimental setup (in the cyclone downstream of gasifier, in the cyclone upstream of the ESP and in the ESP) and then they were dried. Imaging with the scanning electron microscope was performed using a 15.0 kV accelerating voltage. The results are presented in Fig. 9.
  
Fig. 9.: Images of solid particles at the same magnification: a – in the cyclone downstream of gasifier, b – in the cyclone upstream of ESP, c – in the ESP

The particle sizes from the gasified wood pellets were found to be between 4 and 400 μm, between 1.8 and 390 μm and between 3.9 and 375 μm in the in cyclone downstream of the gasifier, in the cyclone upstream of the ESP and in the ESP, respectively. As we can see, the sizes of the particles in these three collection points are very similar, with a small decrease of the particle size in the second cyclone and ESP. 
The elemental composition of the samples from the same three parts of the experimental setup are presented in Table 2 and Fig. 10.
Table 2. Chemical composition of the solid particles from different places of experimental setup in case of gasification of wood pellets 
























Fig. 10.: Average values of chemical element mass weights of solid particle samples from cyclone downstream of gasifier, from cyclone upstream of ESP and from ESP (dotted lines indicate standard deviation; if dotted lines are not indicated, this means that standard deviation is less than 1 %).

In Fig. 10 for the particles from the cyclones relatively high amounts of various carbon oxides (oxygen 20.34.3%, carbon 68.18.3%) can be seen along with metals such as zinc, iron and some negligible amounts of aluminium, copper, zirconium and others which were not determined in the initial composition of the fuel shown in Table 1.
4. Conclusions
The investigation focuses on the practical application of a tube-type electrostatic precipitator for particulate removal from a biofuel flue of a class 3 boiler and from a producer gas.  The analysis has shown that the gasification process generates particles, which are larger than those obtained during incineration of the same type of wood pellets. The initial concentration of solid particles in the producer gas is much higher than in the flue gas as well. Due to this, the performance of producer gas cleaning using ESP was reduced and a maximum total collection efficiency of about 75% was reached, while for the flue gas it was in the range of 98–99%. The character of the ESP collection performance for both gases was also found to be different. For the flue gas there was a sharp increase with voltage, while for the producer gas the increase observed was only gradual. The results obtained suggest that in order to achieve collection efficiencies of particles in the producer gas close to those in the flue gas modification of the ESP is needed with longer collection electrodes. Results from an investigation of particle size and chemical composition in flue gas and in producer gas are presented and these give a better understanding of the problem under investigation.
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